Post-translational modifications of histone amino termini are thought to convey epigenetic information that extends the coding potential of DNA. In particular, histone lysine methylation has been implicated in conveying transcriptional memory and maintaining lineage fidelity. Here an analysis of histone lysine methylation in quiescent (G 0 ) and cycling lymphocytes showed that methylation of histone H3 at lysines 4 (H3K4), 9 (H3K9), 27 (H3K27) and histone H4 at lysine 20 is markedly reduced in resting B lymphocytes as compared with cycling cells. Quiescent B cells also lacked heterochromatin-associated HP1b and Ikaros at pericentric chromatin and expressed low levels of Ezh2 and ESET histone methyl transferases (HMTases). Nuclei from resting B or T cells were approximately three times more efficiently reprogrammed in nuclear transfer assays than cells in which HMTase expression, histone methylation and HP1b binding had been restored following mitotic stimulation. These results showing local and global changes in histone lysine methylation levels in vivo demonstrate that constitutive heterochromatin organization is modified in resting lymphocytes and suggest that histone hypomethylation is a useful indicator of epigenetic plasticity.
Introduction
Covalent modifications to histone tails have been implicated in epigenetic inheritance based on observations that different patterns of histone methylation and acetylation are predictably associated with distinct transcriptional states (Turner et al, 1992; Strahl et al, 1999; Turner, 2000; Jenuwein and Allis, 2001; Noma et al, 2001; Rice and Allis, 2001; Zhang and Reinberg, 2001; Berger, 2002) . Histone modifications are postulated to both 'mark' the transcription state of genes and provide a self-templating mechanism to propagate chromatin status through DNA replication and mitosis (Jenuwein and Allis, 2001; Rice and Allis, 2001; Schreiber and Bernstein, 2002; Kurdistani et al, 2004) . Although histone acetylation and phosphorylation are reversible (Bannister et al, 2002) , the energetic stability of histone lysine methylation (Byvoet et al, 1972; Duerre and Lee, 1974) may have a role in enhancing epigenetic stability, either by preserving heterochromatin structure or rendering histones less susceptible to additional modification (as discussed in Bannister et al, 2002) .
Here we investigate the contribution of histone modifications to epigenetic memory by comparing the extent of histone lysine methylation between purified resting (G 0 ) and cycling lymphocytes. The rationale for this comparison lies with the capacity of quiescent lymphocytes to survive for extensive periods in vivo, and to re-enter the cell cycle only upon antigenic stimulation (Zhao et al, 1998) . This implies that epigenetic information defining both the lineage and developmental stage of differentiated cells is actively retained in long-term quiescent cells. Mice lacking proteins that are essential for the clonal inheritance of gene activity, such as Polycomb group proteins (Kennison, 1995; Simon and Tamkun, 2002) , show profound defects in lymphocyte proliferation in addition to homeotic transformations (van der Lugt et al, 1994; Akasaka et al, 1997; Core et al, 1997) .
Previously, we have demonstrated that quiescent B lymphocytes lack some features of nuclear organization found in cycling cells, most noticeably a lack of spatial association of transcriptionally inactive genes and Ikaros proteins at pericentric heterochromatin (Brown et al, 1999) . Here we show that chromatin composition differs dramatically between resting and cycling cells.
Results

Global changes in chromatin composition as lymphocytes enter the cell cycle
Noncycling splenic B cells (expressing B220) were isolated by CD43 depletion and stimulated with anti-IgM and anti-CD40 in the presence of interleukin-4 (IL-4). Under these conditions, ex vivo B cells express the activation marker CD69 within 24 h and begin DNA synthesis, as detected by BrdU incorporation, 48-72 h after stimulation ( Figure 1A ). The distribution of heterochromatin-associated proteins (Ikaros, HP1b and CENP-A) in quiescent and activated cells was monitored by immunofluorescence (IF) and confocal microscopy ( Figure 1B) . In resting B cells, Ikaros protein was low or absent but increased following activation and relocated to centromeric domains as reported previously (Brown et al, 1999) . Low levels of HP1b were detected in the nuclei of resting B cells. These increased slightly over 24 h, but HP1b did not localize to DAPI-intense pericentric domains until 48-72 h after activation, concurrent with the lymphocytes commencing cell division. The kinetics of redistribution of Ikaros and HP1b proteins were confirmed using antibodies specific for alternative regions of these proteins (not shown). This, and the demonstration that CREST antisera detect centromeres throughout B-cell activation ( Figure 1B , lower panels), ruled out the possibility that epitope masking or restricted antibody accessibility accounts for a lack of Ikaros and HP1b detection at constitutive heterochromatin in G 0 lymphocytes.
Global differences in chromatin composition were confirmed by Western blotting. For this analysis, nuclei from resting and activated cells were isolated by partial NP-40 lysis, subjected to DNAse I digestion to yield soluble (NE-s) or insoluble (NE-i) nuclear fractions, and proteins separated by SDS-PAGE and analysed by Western blotting ( Figure 1C ). Controls included PCNA and ORC1 (used here to estimate the equivalence of protein loading). Low levels of PCNA were detected in samples 48 h after stimulation, becoming more abundant in chromatin fractions after 72 h, consistent with most lymphocytes entering S-phase at this time. Ikaros proteins corresponding to the major isoforms present in lymphocytes (Hahm et al, 1994) were absent from G 0 samples (0 h), but accumulated in NE-i (chromatin-bound) fractions 48-72 h after stimulation. In contrast, HDAC2, a protein that interacts with many nuclear proteins including Ikaros (Kim et al, 1999) , was abundant throughout B-cell activation. HP1b protein was detected in the soluble chromatin compartment (NE-s) but showed increased levels within the insoluble (NSi) fraction following activation, a result that is in agreement with the redistribution of HP1b observed by IF.
Histone H3 lysine 9 methylation is reduced in quiescent B cells
The binding of HP1b to pericentric heterochromatin is associated with the activity of Suv39h histone methyl transferases (HMTases), which are thought to generate a high-affinity binding site for HP1b by catalysing the specific methylation of the N-terminus of histone H3 at lysine 9 (H3K9) (Bannister Representative confocal images of the nucleus of B lymphocytes simultaneously labelled with anti-Ikaros (red) and anti-HP1b (M31, green) at 0, 24 and 72 h poststimulation in which the microscope and laser power settings were kept constant throughout so that the abundance and the relative distribution of proteins could be directly compared. The nuclear periphery of cells is outlined by lamin B labelling (blue). Lower panels: Confocal images of lymphocytes costained with CREST anti-sera (green) and DAPI (blue) for comparison. (C) Western blots confirming the abundance of specific proteins within cytoplasmic extracts (CE), DNAse I-soluble nuclear extracts (NE-s) and DNAse I-insoluble extracts (NE-i) at different times after B lymphocyte activation. Lachner et al, 2001) . We therefore examined the extent of H3K9 methylation in resting and cycling B cells with several anti-methyl H3K9 antibodies. Using an antibody to a branched peptide (a 4x(Me) 2 H3K9) that recognizes a high density of H3K9 methylated positions , or an antibody raised to a linear H3K9 dimethyl peptide (UBI), we observed low or undetectable staining of quiescent B lymphocytes (Figure 2A , top panel and data not shown). Although HP1b can bind to either di-or trimethylated H3K9 in vitro (Bannister et al, 2001) , in vivo the abundance of H3K9 trimethylation surrounding centromeres is thought to be responsible for HP1b localizing to centromeric heterochromatin (Peters et al, 2003) . Since the available 4x(Me) 2 H3K9 and UBI linear (Me) 2 H3K9 antibodies detect multiple H3 methylation states, we used antibodies that were capable of recognizing and discriminating between mono-(2x(Me) 1 H3K9), di-(2x(Me) 2 H3K9) and trimethylated (2x(Me) 3 H3K9) states (Perez-Burgos et al, 2004) . Using these highly specific reagents, we observed very low levels of H3K9 mono-and dimethylation in quiescent B cells, which consistently increased upon activation (Figure 2A and Supplementary Figure 1A) .
H3K9 trimethylation was also low in most resting B cells (490%) and increased following activation (a comparison of labelling intensities is shown in Supplementary Figure 1A) . H3K9 trimethylation was confined to discrete locations within the nucleus coincident with DAPI-bright, condensed chromatin domains (Figure 2A) .
Interestingly, density fractionation of CD43-depleted populations showed that small 'resting' cells were completely devoid of H3K9 trimethylation, whereas some slightly larger cells (representing cells thought to have more recently exited cell cycle) displayed trimethylation at centromeric regions (Supplementary Figure 1B and C) .
Confirmation that H3K9 di-and trimethylation levels were low in resting B-cell populations and increased upon activation was obtained by Western blotting ( Figure 2B ). Analysis of samples prepared 0, 24 and 48 h after activation confirmed an increase in di-and trimethylated H3K9 levels ( Figure 2B ) as compared to histone H3. Dual labelling of resting (0 h) and activated B cells (72 h) for trimethylated H3K9 (red, Figure 2C ) and HP1b (green, Figure 2C ) showed that these proteins localized at constitutive heterochromatin (DAPI-intense blue, Figure 2C ) in cycling lymphocytes but were either not detected or diffuse in resting cells, respectively. These data clearly demonstrate that the high levels of trimethylated H3K9 that normally decorate the pericentric heterochromatin of interphase and metaphase chromosomes are not in fact constitutive in B lymphocytes, but are acquired by cells upon entry into the cell cycle.
Increased H3 methylation in activated B lymphocytes
To examine whether other lysine residues of H3 were similarly undermethylated in resting B cells, antibodies that detect H3K4 methylation ((Me) 2 H3K4) or that are specific to trimethylated H3K27 (2x(Me) 3 H3K27) (Peters et al, 2003) were used. Labelling with these reagents was also low or undetectable in quiescent B cells but increased in cells preparing for division (Figure 2A ), being routinely detected within 24 h of activation ( Figure 2B , and data not shown). These changes did not appear to be restricted to H3 methylation since the levels of di-and trimethylated H4K20 were also substantially increased following activation ( Figure 2A , and data not shown). Collectively, our data demonstrate that histone lysine methylation levels are globally reduced in resting B cells as compared to activated and cycling cells. We did not observe a dramatic reduction in H3K9 acetylation in resting cells ( Figure 2A , lower panel, and Figure 2B ) and only modest changes in acetylated H3K14 and H4 were seen (data not shown). Thus, although histone acetylation persists in quiescent B lymphocytes, lysine methylation appears to be poorly maintained.
The observation that methylated epitopes associated with transcriptionally permissive (H3K4) and repressive (H3K9 and H3K27) chromatin were both reduced in noncycling B cells suggests that hypomethylation may occur at a genomewide level. To assess directly the impact of these global changes at a local level, chromatin immunoprecipitation (ChIP) analyses were performed to compare histone methylation levels across the promoter regions of two expressed genes Pax5 and b2m, the TdT gene (which is not expressed in mature B cells) and the major satellite repeat. We observed elevated levels of H3K4 methylation (and H3K9 acetylation) at the Pax5 and b2m promoter regions in cycling as compared with resting samples, consistent with the expression status of these genes and the increased transcription within activated B cells. Major satellite repeats (characteristic of pericentric regions) showed very low levels of acetylated H3K9 and methylated H3K4 regardless of cell cycle status. In contrast, H3K9 methylation of major satellite repeats increased 7.5-fold upon activation. In these experiments, we can exclude potential differences in DNA recovery from resting and cycling samples, as individual samples 'spiked' with chromatin from Drosophila S2 cells before immunoprecipitation showed similar levels of methylated K9, K4 and acetylated K9 at two Drosophila loci DNA (see Supplementary Figure 2 ). In the case of the TdT gene (Su et al, 2004) , we observed a more complex profile. Activated B cells showed a seven-to eightfold enrichment of methylated H3K9 and H3K4 compared to resting B cells while H3K9 acetylation levels remained fairly constant (o2-fold increase). Overall, these data demonstrate that levels of histone lysine methylation are consistently increased in primary B cells following mitotic stimulation. This occurs at the promoters of genes that are required to maintain B-cell identity (such as Pax5), that are specifically silenced during B-cell development (such as TdT), as well as regions of the genome that are normally actively expressed (b2m) or repressed (major satellite).
To determine whether activation-induced increases in H3K9 methylation are dependent on Suv39h, we examined B cells from mice that were double deficient for the Suv39h1 and Suv39h2 HMTases (Suv39h dn; Figure 3 ). Resting Suv39h dn B cells had low levels of H3K9 methylation and showed a significant increase in euchromatic H3K9 methylation upon activation (72 h). In contrast to normal cells, no enrichment of H3K9 methylation or HP1b accumulation at pericentric heterochromatin was observed following activation ( Figure 4 ) . Ikaros protein remained associated with pericentric heterochromatin in Suv39h dn lymphocytes (Figure 4 , lower right-hand panel), demonstrating that Ikaros recognizes pericentric regions independently of HP1, consistent with Ikaros binding directly to repetitive DNA sequences that flank centromeres (Cobb et al, 2000) .
Increased reprogramming potential of quiescent T and B lymphocytes
Quiescent T lymphocytes isolated directly from mouse lymph nodes also showed reduced levels of histone methylation compared to cycling cells (see Supplementary Figure 3 ). In particular, H3K9 methylation (as recognized by HP1b, green) was low in ex vivo T cells (identified by TCR expression, red), whereas after activation with immobilized anti-TCRb and CD28 antibody, HP1b-labelling was intense and focused at DAPI-bright regions. These data argue that diminished H3K9 methylation is a feature of noncycling T as well as B lymphocytes.
One possible consequence of reduced histone lysine methylation might be to effectively 'loosen' the epigenetic code and thereby enhance the cellular plasticity of resting cells. This could, in principle, offer an explanation for longstanding claims that some resting (or serum-starved) populations of cells are more efficiently reprogrammed than activated cells (Gurdon et al, 1975; Wilmut et al, 1997; Kikyo and Wolffe, 2000) . To test whether resting lymphocytes were indeed reprogrammed at a higher frequency than activated cells, we performed nuclear transfer experiments using fertilized embryos as recipients. This allows the potential of different donor nuclei to be assessed in a context where their contribution to embryonic development is not required (Modlinski, 1978) . As an indicator of plasticity, we analysed the reactivation of an EGFP transgene (Hadjantonakis et al, 1998; Eggan et al, 2000) that is normally inactive in lymphocytes, following transfer of lymphocyte nuclei into one-cell embryos. As illustrated in Figure 5A , transgenic mice expressed the EGFP transgene in most tissues including kidney (K) and liver (L). Transgene expression was low in the thymus (T) and EGFP mRNA was not detected in purified splenic B cells (resting B 0 , activated B 72 ) or lymph node T cells (not shown). Lymphocyte nuclei from EGFP male mice were injected into nontransgenic fertilized embryos and the frequency of GFP re-expression was monitored 3-4 days later (exemplified in Figure 5B ). Approximately three times as many fertilized embryos re-expressed GFP when injected with resting B cell nuclei as those injected with 48 or 72 h activated B cells ( Figure 5C ). Similarly, nuclear transfer experiments using lymph node T cells from EGFP transgenic male mice (as donors) showed that three times more embryos re-expressed GFP when injected with nuclei from resting T cells than 72 h activated T cells. Previous reports showing the enhanced reprogramming performance of resting cell populations have suggested that cycling populations are compromised because mitotic and S-phase cells are not well coordinated with the recipient cell cycle phase and cannot maintain ploidy (reviewed in Campbell and Alberio, 2003) . To dissociate the impact of H3 hypomethylation from these cell cycle events, we assessed the reprogramming potential of nuclei isolated 24 h after activation, when histone remethylation was evident ( Figure 2B , middle column) but before cells have started to replicate DNA ( Figure 1A) . Interestingly, these nuclei were remarkably resistant to reprogramming (0 of 85 embryos; Figure 5C ), whereas control cells incubated for 24 h in IL-4 alone (that did not remethylate) showed a similar reprogramming capacity as ex vivo resting B lymphocytes. These data show that not only is histone lysine hypomethylation an important predictor of enhanced cell plasticity but also that elevated reprogramming potential is an intrinsic feature of resting lymphocytes.
Histone hypomethylation in G 0 Kupffer cells in liver
To determine whether quiescent cells other than lymphocytes have reduced levels of histone methylation, we examined noncycling populations within the liver. Liver sections labelled with a 4x(Me) 2 H3K9 antibodies showed evidence of two distinct cell subsets. The majority of cells, including those with large nuclei (12-16 mm diameter), expressed high levels of H3K9 methylation. A second population with smaller nuclei (8-9 mm diameter) apparently lacked H3K9 methylation ( Figure 6A ). The relative abundance of the two cell types was consistent with the larger cells being hepatocytes and the smaller cells being Kupffer cells. To confirm this, we prepared single-cell suspensions of murine liver by collagenase treatment (Seglen, 1976) , and identified Kupffer cells on the basis of expression of the leucocyte-specific membrane protein CD45. As shown in Figure 6B , Kupffer cells expressing surface CD45 (identified by biotinylated anti-CD45 and FITC-avidin, green) were conveniently discriminated from larger hepatocytes in which endogenous biotin was restricted to the cytoplasm. Colabelling of liver cell suspensions with a 4x(Me) 2 H3K9 antibodies confirmed that the hepatocytes showed high levels of H3K9 methylation, while no labelling was apparent in the nuclei of ex vivo Kupffer cells. Methylated H3K4 was also detected in hepatocytes but not in Kupffer cells ( Figure 6B, right panel) . Consistent with previous experiments in lymphocytes, histone lysine hypomethylation was rapidly reversed by mitotic stimulation, as indicated by increased H3K9 methylation Figure 3 ChIP analysis of histone modifications at specific loci. Data represent mean values of three independent ChIP experiments in which levels of H3K4 and H3K9 methylation and H3K9 acetylation at the promoters of Pax5, b2M and TdT genes and across major satellite repeats were determined relative to H3. Histones were immunopreciptitated from both resting (grey) and activated (white) B-cell samples, and rabbit antisera to histone H3 C-terminus and to mouse IgG were used as 'input' and negative controls in each immunoprecipitation, respectively.
(red) in CD45-positive Kupffer cells (green) following overnight culture in the presence of GM-SCF, CSF and interleukin 3 (IL-3) ( Figure 6C ). These data confirm that H3 hypomethylation is reversed upon re-entry into the cell cycle.
Reversing histone lysine methylation
Several reports have shown that histones can be replaced in both a replication-dependent and replication-independent manner (Wu et al, 1982; Pina and Suau, 1987; Bannister et al, 2002) , with noncycling cells accumulating the variant histone H3.3 (Pina and Suau, 1987; Lennox and Cohen, 1988) . H3.3 predominance has been documented in chromatin from liver, brain, kidney and neurons (Bonner et al, 1980; Bosch and Suau, 1995) , and in lymphocytes the relative abundance of H3.3 has been shown to reflect directly the length of time in quiescence (Wu et al, 1983) . More recently, replacement of H3.1 by H3.3 has been shown at specific loci where exchange appears to be driven by active transcription (Ahmad and Henikoff, 2002) . On the basis of this information, a two-step mechanism can be proposed to explain how histone lysine methylation levels decline as lymphocytes withdraw from the cell cycle: the gradual exchange and accumulation of H3.3 in noncycling cells (histone replacement) coupled with reduced HMTase activity. Genome-wide changes in histone methylation levels in response to cell activation could result from structural changes rendering the chromatin of activated lymphocytes more accessible to various enzymes responsible for histone methylation, or could be due to a selective upregulation of HMTases in cycling cells. To investigate these possibilities, we compared the sensitivity of nuclear extracts from resting (R) and activated (A) primary B cells to increasing concentrations of micrococcal nuclease ( Figure 7A ) and also examined the distribution of Ezh2 and ESET HMTases following activation ( Figure 7B ). The nuclease sensitivity of activated B cells was broadly similar to that of a control pre-B-cell line (C), whereas samples prepared from resting B cells showed a two-to three-fold reduced sensitivity. In addition, IF and Western blotting showed that ESET and Ezh2 HMTases were low or undetectable in most quiescent B lymphocytes ( Figure 7B ). Following lymphocyte activation, ESET, Ezh2 and Bmi1 (a component of the Polycomb Repressor Complex 1) were all upregulated, whereas Eed levels remained relatively unchanged. These data show that chromatin accessibility, HMTase levels and the distribution of structural components of heterochromatin (such as HP1b) are globally modified upon mitotic stimulation demonstrating that 'constitutive' heterochromatin is surprisingly dynamic in vivo.
Discussion
Using antisera that recognize specific histone methylation states, we provide evidence for histone lysine hypomethylation in G 0 B lymphocytes, T lymphocytes and Kupffer cells. Following mitotic stimulation, methylation of H3 at lysines 4, 9, 27 (and H4 at lysine 20) is reinstated in lymphocytes concurrent with an upregulation and redistribution of several chromatin modifier proteins. During this time, the nuclear volume of lymphocytes increases approximately four-to five-fold (Zhao et al, 1998) and chromatin accessibility to micrococcal nuclease digestion is also increased. We observe that trimethylation of H3K9, commonly regarded as a functional 'hallmark' of constitutive heterochromatin, is substantially upregulated in cells following mitogenic stimulation.
The observed absence of histone lysine methylation in these G 0 populations is unlikely to be due to 'masking' and subsequent 'unmasking' of methyl epitopes following activation for several reasons. First, antisera to different molecular epitopes show a consistent reduction in histone methylation as judged by IF. Second, these observations were confirmed by Western blotting analyses where steric masking of epitopes is not an issue. Third, reduced H3 methyl-lysine labelling of resting cells is observed even within presumed euchromatin (methyl H3K4) domains and at actively transcribed genes (such as b2 microglobulin).
The finding that histone lysine methylation declines in long-term quiescent B cells, whereas histone acetylation is clearly observable, is intriguing and unexpected. An explanation for this could be that the low-level transcription of active genes in G 0 lymphocytes is sufficient to maintain histone acetylation of the lymphocyte genome. In contrast, high levels of histone lysine methylation may only be required when overall gene activity is increased (e.g., following mitotic stimulation) to reaffirm the epigenetic state of a gene prior to DNA synthesis.
Current views on how the histone code might be 'read' have suggested that the quality and density of distinct histone tail modifications could predict transcriptional potential. Where changes in histone methylation levels have been shown to occur, they have indeed been linked to alterations in gene expression (Janicki et al, 2004; Mutskov and Felsenfeld, 2004; Su et al, 2004 ). Here we show that the relative abundance of histone lysine methylation also differs dramatically between resting and cycling populations of lymphocytes, although here the overall gene expression profile remains consistent with B-cell identity (Hoffmann et al, 2002) . These global changes in histone methylation levels are also reflected at the level of individual genes. ChIP analysis revealed a marked increase in methylated H3K9 and H3K4 in the promoter regions of Pax5, b2m and TdT genes upon cell activation, and a seven-to eight-fold upregulation of H3K9 methylation at major satellite regions. These do not necessarily negate the concept that histone lysine methylation contributes to cellular memory since even relatively low levels of these modifications could still be sufficient to 'mark' active or inactive chromatin domains in quiescent cells.
In summary, we show here that in some cell types exit from the cell cycle is accompanied by a substantial reduction in histone lysine methylation levels. Quiescent lymphocytes display a global reduction in histone lysine methylation and modifications in constitutive heterochromatin organization. Thus conventional hallmarks, such as trimethylation of H3K9, Ikaros association and HP1 binding, are not apparent in resting cells, but are reinstated dynamically in response to mitotic stimulation. Resting lymphocytes were also shown to be more successfully reprogrammed than either cycling cells or lymphocytes in which histone methylation was transiently restored. These results caution that among noncycling cells, which comprise a substantial proportion of most organisms, reduced histone methylation levels do not simply reflect transcriptional competence. Rather, histone hypomethylation provides a novel indicator of an enhanced epigenetic plasticity of resting cell populations such as lymphocytes. 
Materials and methods
Purification and activation of resting B lymphocytes from spleen
Normal resting B cells were prepared as described previously (Brown et al, 1999) . For details, see Supplementary material. B-cell activation was induced by culturing cells in IMDM media containing 10% fetal bovine serum (Sigma) and antibiotics and 20 mg/ml purified anti-CD40 (monoclonal antibody FGK45), 10 mg/ml purified anti-IgM (monoclonal antibody H3074) and 2% IL-4 containing supernatant (from a T-helper cell line). Fluorescein-labelled antibodies to B220 and CD69 (BD Pharmingen) were used for FACS analysis to verify the phenotype and activation status of cells. Percoll purification of cells was carried out as described elsewhere (Ratcliffe and Julius, 1982) .
BrdU incorporation studies were performed using ex vivo resting mature B cells. Cells were cultured in media containing 50 mM BrdU with either IL-4 for 24 h (for unstimulated cells) or following activation using anti-IgM, anti-CD40 and IL-4 as described above. BrdU incorporation was revealed as previously described (Huesmann et al, 1991) , and is described in detail in Supplementary material.
Preparation of liver sections and cell suspensions
Liver sections were prepared and labelled as outlined elsewhere (Czvitkovich et al, 2001) . Liver cells were prepared using a two-step procedure described previously (Seglen, 1976) with minor modifications. For details, see Supplementary material. Freshly isolated Kupffer cells were activated by overnight incubation in IMDM media containing 10% fetal bovine serum, antibiotics, 5% WEHI-3B supernatant (containing IL-3), 10 ng/ml murine GM-SCF and 10 ng/ ml murine CSF-1.
Antibody labelling and fluorescence microscopy
Antibodies used for IF and Western blot studies were rabbit anti-Nand C-terminus Ikaros (Hahm et al, 1998) , rat anti-M31 (HP1b, Serotec) (Wreggett et al, 1994) , goat anti-lamin B (Santa Cruz), human CREST autoimmune sera and rabbit antisera to a-4x-dimeth H3-K9, a-2x-monometh H3-K9, a-2x-dimeth H3-K9, a-2x-trimeth H3-K9, a-2x-trimeth H3-K27 (Peters et al, , 2003 Perez-Burgos et al, 2004) , a-dimeth H3-K9, a-dimeth H3-K4 (UBI), acetyl H3-K9, acetyl H3-K14 (UBI), pan-acetyl H4 (Serotec), Ezh2 (Sewalt et al, 1998) , EED (van der Vlag and Otte, 1999) , BMI1 (Gunster et al, 1997) and ESET (Yang et al, 2002) . Additional antibodies used as controls in these analyses were anti-HP1b (Euromedex), anti-ORC1 (Serotec) and anti-PCNA (Sigma). IF staining of proteins was carried out by standard methods described in Supplementary material. IF staining of histone modifications was performed as described ) with minor modifications described in Supplementary material. Samples were mounted in Vectashield supplemented with DAPI and visualized either by confocal microscopy using a TCS-SP1 (Leica Microsystems) or using an Axioplan 2E microscope (Zeiss), Metamorph 4.0 software and images were processed using Adobe Photoshop 6.0. In comparisons between quiescent and cycling cells, microscope settings and laser power were kept constant, so that the relative abundance and distribution of labelled proteins could be directly compared.
Preparation of nuclear extracts from ex vivo B lymphocytes and Western blot analyses
For preparing NE-i, NE-s and cytoplasmic extracts (CE), B cells were washed in ice-cold PBS, centrifuged at 600 g for 4 min in a chilled centrifuge (41C) and resuspended in ice-cold nuclei lysis buffer (10 mM Pipes, pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 1 mM EGTA, supplemented with protease inhibitor cocktail and phosphatase cocktail (Sigma) and 1 mM DTT). Lysis buffer containing 0.75% NP-40 was added dropwise until the concentration of NP-40 reached 0.15% and then left on ice for 2 min before centrifugation at 400 g for 2 min. The cytoplasmic fraction (supernatant) was collected and the remaining nuclei were washed once in lysis buffer and centrifuged again as described previously. Chromatin was solubilized by DNA digestion with 1 mg/ml of RNAse-free DNAse I (Sigma) in lysis buffer for 30 min at 301C. (NH 4 ) 2 SO 4 was added from a 1 M stock solution in lysis buffer to a final concentration of 0.25 M. After 5 min on ice, samples were pelleted by centrifuging at 1500 g for 3 min and DNAse I-soluble material was collected. The pellet containing DNAse I-insoluble material was then solubilized in urea buffer (8 M urea, 0.1 M NaH 2 PO 4 and 0.01 M Tris-HCl pH 8.0) and the protein extracts were quantified and stored at À701C.
Histone proteins were isolated from whole cells by acid extraction. A total of 1 Â10 7 B cells were pelleted, resuspended in 1 ml PBS (41C), centrifuged (500 g for 5 min) and the supernatant was removed. Cell pellets were resuspended in 180 ml of ice-cold lysis buffer (10 mM HEPES pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT and 1.5 mM PMSF), 20 ml of 2 M HCl added and incubated on ice for 30 min. Following acid lysis, the solution was centrifuged at 11000 g for 10 min at 41C, the supernatant of acidsoluble proteins collected and sequentially dialysed against 0.1 M acetic acid (twice for 1 h) and water (1 h, 3 h and overnight). The protein solution was quantified and stored at À701C. Whole-cell extracts were prepared by direct lysis of cells in SDS loading buffer. Western blotting of protein extracts was carried out as described previously (Brown et al, 1999) .
Chromatin immunoprecipitation assays
Approximately 10 8 primary B cells and Drosophila melanogaster Schneider 2 (S2) cells were mixed in a 5:1 ratio and prepared for ChIP analysis as described (Peters et al, 2003) with minor modifications. A 150 mg portion of chromatin was subjected to immunoprecipitation with 5 ml of rabbit antibody (1 mg/ml a-4x-dimethyl H3K9, -dimethyl H3K4, -acetyl H3K9 and -mouse IgG) or 0.5 ml of H3-C terminal antibody (Abcam, ab1791), which served as an input control. After elution of immune complexes, DNA was resuspended in 40 ml TE and 2 ml was used per quantitative PCR (qPCR) reaction.
Quantitative PCR analysis qPCR analysis was carried out using Sybr-Green PCR Mastermix (Applied Biosystems) on an Opticon TM DNA engine (MJ Research Inc.) using Opticon Monitor 1.04 software (MJ Research Inc., 2000 , running the following program: 941C for 8 min, then 40 cycles of 941C for 20 s, 551C for 20 s, 721C for 30 s, followed by plateread. For primer sequences, see Materials and methods of Supplementary material.
Reprogramming assays, nuclear transfer and EGFP transgenic mice Somatic nuclei can be reprogrammed by nuclear transfer into enucleated oocytes as originally described by Wakayama et al (1998) . Although approximately 20-40% of renucleated oocytes develop to the blastocyst stage, in most cases less than 1% result in live-born animals, suggesting that complete reprogramming is a rare event (reviewed in Yanagimachi, 2002) . Reprogramming can also be achieved by nuclear transfer into fertilized mouse eggs (Modlinski, 1978) . Although this generates tetraploidy in the resulting embryos, the technique is more robust and allows an assessment of the differences in reprogramming potential of multiple cell types. In our studies, mice carrying an EGFP transgene (Hadjantonakis et al, 1998; Eggan et al, 2000) were used as a source of donor cells (a kind gift from Dr A Nagy). The EGFP transgene is expressed from the morula stage onwards and in most tissues, but is silent in both resting and cycling lymphocytes (as determined by flow cytometry detection of GFP protein or RT-PCR analysis of EGFP mRNA). For further details, see Supplementary material.
Chromatin accessibility assay
Nuclei from resting, activated primary B cells, and from the pre-Bcell line B3, were isolated and prepared as previously. The pellet was washed in ice-cold lysis buffer (10 mM Pipes pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 1 mM EGTA, 1 mM DTT and protease inhibitors (Roche)) and resuspended in 400 ml of nuclear buffer (20 mM Tris-HCl pH 7.5, 70 mM NaCl, 20 mM KCl, 5 mM MgCl 2 , 3 mM CaCl 2 and protease inhibitors). The DNA concentration was determined by spectrophotometric analysis (OD 260 ) and 10 mg of DNA was subjected to digestion with micrococcal nuclease (MNase, Sigma) before the reaction was stopped with EDTA and EGTA. Equal amounts of supernatant were run on a 2% agarose gel to estimate digestion efficiency.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
